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Non-invasive detection of the evolution of the charge states of a double dot system.
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Coupled quantum dots are potential candidates for qubit systems in quantum computing. We
use a non-invasive voltage probe to study the evolution of a coupled dot system from a situation
where the dots are coupled to the leads to a situation where they are isolated from the leads. Our
measurements allow us to identify the movement of electrons between the dots and we can also
identify the presence of a charge trap in our system by detecting the movement of electrons between
the dots and the charge trap. The data also reveals evidence of electrons moving between the dots
via excited states of either the single dots or the double dot molecule.
PACS numbers: 73.21.La, 73.23.Hk, 73.63.kv
Semiconductor quantum dots have been proposed as
one of the most promising candidates to serve as qubits
in quantum computation.1 Such systems have the ad-
vantage that they can be integrated easily with existing
microelectronics technology.2 In such a system the spin
state of an electron on a quantum dot could serve as the
qubit. Alternatively, the spatial position of an electron
on a coupled double dot system could be used. Recently,
Pashkin et al3 have demonstrated the entanglement of
two charge qubits in a Josephson circuit. Ultimately, it
will be necessary to control and read out the state of the
qubit. Additionally, it will be necessary to isolate such a
system from the surrounding electron reservoirs in order
to reduce decoherence due to electron-electron scatter-
ing. Recent measurements have demonstrated the ability
to measure the movement of electrons between quantum
dots using a 1D ballistic channel as a non-invasive voltage
probe.4 Here, we use a similar technique to study how a
double dot system evolves from a situation where it is
connected to the electron reservoirs to a situation where
it is isolated from them. We are able to identify the
movement of electrons onto or off of the system and also
from one dot to the other. The data may reveal evidence
of the electron tunneling between the dots via symmetric
and anti-symmetric states of the double dot molecule.
Additionally, we can identify the presence of a charge
trap in our system, possibly caused by an impurity, and
we observe transitions of electrons to or from this charge
trap. The importance of identifying unwanted charging
events and distinguishing them from desired transitions
has been pointed out recently by Buehler et al.5
Our device consists of a GaAs/AlxGa1−xAs het-
erostructure in which a two-dimensional electron gas
(2DEG) layer is formed 90nm below the surface. The
gate pattern, fabricated by electron-beam lithography, is
shown in Fig. 1(a). The double dot system was formed
by the application of negative voltages to gates 1-4. Gate
2 was used to control the coupling between the dots. The
detector was defined using gates 4 and 5, with gate 4 also
serving to form a tunnel barrier between the double dot
system and the detector. We measured the two-terminal
conductance of the 1D ballistic channel using standard
ac lock-in techniques at 33Hz with a constant excitation
voltage of 100µV. All measurements were made in a di-
lution refrigerator with a base temperature of 50mK.
The method of non-invasive detection of the potential
on a quantum dot was first demonstrated by Field et al.6
Figure 1(b) shows the change in the conductance, ∆G
of the detector, which is biased in the tunnelling regime
(i.e. G < 2e2/h), as the voltage on gate 1 is swept.
∆G is the actual detector signal minus a smooth func-
tion that fits the detector signal without the steps. This
has been divided by the gradient of the smooth function,
dGaveraged/dV to correct for the change in the sensitiv-
ity of the detector, as described by Gardelis et al.4 We
observe steps in the conductance, each time an electron
leaves the dot system. This is because the width of the
ballistic channel is very sensitive to the surrounding elec-
trostatic potential, including that of the dots. The pres-
ence of these discrete steps indicates that we are observ-
ing Coulomb blockade in the double dot system. Figure
2(a) is a greyscale plot that shows the normalised differ-
ential, (dG/dV )/(dGaveraged/dV ), of the detector con-
ductance as a function of the voltages applied to gates
1 and 3, when a double dot is formed. In this plot the
dark lines represent the steps in conductance. These fea-
tures are reproducible between successive sweeps and at
different scan speeds ranging from 30 to 360 seconds per
linescan. The plot can be separated into four distinct re-
gions labelled A-D. These regions represent the evolution
of the system from being coupled to the 2DEG reservoirs
to being isolated from them. We shall describe each of
these regions in turn.
Region A is the regime where the double-dot system
is coupled to the 2DEG leads and electrons can move on
or off the system via either the left or right tunnel barri-
ers. This is the situation that has been studied by several
groups by measuring the conductance through two dots
in series.7,8 In such measurements conductance peaks are
observed at certain points referred to as ”triple points”.
These are represented in Fig. 3 by circles which mark the
boundaries between three states of the double dot system
that are degenerate in energy. Figure 3 is a schematic di-
agram showing the stable states of a double dot system
in gate voltage space. The numbers in brackets, (n,m)
are arbitrarily chosen to represent the electron number
2FIG. 1: (a) SEM image of the double dot system, defined by
gates 1-4, and the detector, defined by gates 4 and 5. Gate
6 was not used in our measurements. The white circles rep-
resent the positions of the quantum dots. The crosshatched
circle represents a possible position of a charge trap. (b) The
change in the conductance of the detector as a function of the
voltage on gate 1.
on the (left,right) dot respectively. These are not the
actual numbers of electrons, which are unknown, but es-
timated to be in the region of 50 electrons per dot from
the geometry and measured charging energy. The black
lines represent changes of the total electron number by
one. Conductance through the double dot system can
only occur at the triple points.8 However, in our system
the detector is sensitive to changes in the electron num-
ber and so we observe electron transitions all the way
along the black lines in Fig. 3 and not just at the triple
points. In region A of Fig. 2(a) the near-vertical lines
represent an electron leaving or entering the left dot via
the left lead. The near-horizontal lines represent an elec-
tron leaving or entering the right dot via the right lead.
These lines are fainter than the vertical lines because the
detector is further away from the right dot and therefore
less sensitive to the change in potential on that dot. For
the data shown in Fig. 2 the conductance through the
double dots is already too small to measure, however this
FIG. 2: (a) Greyscale plot showing the normalised differential,
(dG/dV )/(dGaveraged/dV ), of the detector conductance as a
function of the voltages applied to gates 1 and 3. The black
lines represent steps in the detector signal due to electrons
entering or leaving the dots. Vgate2= -0.68V. The arrows (A
to A′ and B to B′) indicate features that are due to a charge
trap (see text). (b) As in (a), but Vgate2= -0.72V.
illustrates the advantage of the method of non-invasive
detection, in that it allows the system to be studied be-
yond the regime when the conductance through the dots
is immeasurably small. In region A there are also near-
vertical features with a steeper gradient. These are high-
lighted by the arrows (A to A′ and B to B′) in Fig. 2(a).
We believe that these are due to the presence of a charge
trap, in the vicinity of the system, that can couple with
the double-dot system. We shall return to this issue later
in the paper. There are also some features which are per-
fectly horizontal. These are due to telegraph noise in the
detector and are not reproducible.
In region B the voltage on gate 1 is more negative and
in this region the barrier between the left dot and the
left lead is now too high to allow electrons to traverse
the barrier on the time scale of the measurement. It has
been demonstrated recently that isolated dots can trap
electrons for timescales up to 1000’s of seconds.9 In this
situation electrons can only escape from the double-dot
3FIG. 3: Schematic representation of the charging diagram
showing the different regions with stable charge configuration
(n,m) on the (left,right) dot. The circles indicate the position
of triple points.
system via the right lead. We refer to Fig. 3 again to
explain why this gives rise to the features in region B. By
removing the lines which correspond to electrons moving
between the left dot and the left lead, and elongating
the lines corresponding to electrons moving between the
dots, it can be seen that the charging diagram becomes
distorted and consists of a series of lines with a gradient
of approximately 1:1 and a period slightly larger than
that observed for transitions from the left dot in region
A (≈ 15mV). The position of these lines also jumps every
time the electron number on the right dot changes by one,
giving rise to a zigzag pattern. This is precisely what we
observe in region B of Fig. 2(a).
In region C both the left and right barriers are too
high to allow electrons to tunnel on the timescale of the
measurement, and the double dot is completely isolated
from the surrounding 2DEG leads. In this situation only
transitions between the two dots are possible. Further
modification of the charging diagram in Fig. 3 reveals
how this affects the position of the observed transitions.
We expect to see a series of lines with a gradient close
to 1:1, but with a separation larger than that in region
B. This appears reasonable when we consider that the
capacitance of gate 1 to the left dot alone is 10.7aF and
the capacitance of gate 3 to the right dot alone is 8.9aF.
Thus Cgate1/Cgate3 = 1.20 and the measured gradient in
region C is 1.13.
Figure 3 also shows how these lines become discontin-
uous at certain voltages on Gate 3. This arises because
the electron number on the right dot is different when the
double dot system first becomes isolated from the leads.
This is a consequence of the fact that the measurement is
carried out by sweeping the voltage on gate 1 and step-
ping the voltage on gate 3. Thus, every time the voltage
on gate 1 is swept the dot evolves from being open to the
leads to being isolated from them and may become iso-
lated with a different electron number, depending upon
the voltage on gate 3.
We note that a region, similar to region B, but where
only the right dot is isolated from the reservoirs, has also
been observed, but is not accessed in the gate voltage
range shown in Fig. 2(a). The blurring of features at very
negative voltages on gate 3 is not reproducible. This may
be due to random switching events, which are believed
to be a possible source of apparent dephasing in these
systems4
The pattern observed in region C of Fig. 2(a) is es-
sentially the same as that predicted by Fig. 3. However,
region D contains lines with a gradient of 1.98 : 1 indi-
cating that this transition is affected more by gate 1 than
gate 3. Figure 2(b) also shows lines with this gradient.
This plot reveals that the lines with 1 : 1 gradient split
into lines with gradients 1.98 : 1 and 0.35 : 1. We spec-
ulate that this is due to the presence of a charge trap, as
mentioned earlier. The lines with steep gradient would
therefore represent the movement of an electron from the
left dot to the charge trap and the lines with shallow gra-
dient represent the electron moving from the charge trap
to the right dot. The fact that the line with 1 : 1 gradient
appears blurred on approach to this splitting indicates
that the probability of a transfer from left to right dot
directly is similar to the probability of a transfer via the
charge trap. In Fig. 1(a) the crosshatched circle repre-
sents a possible position for such a charge trap. We can
be confident that this charge trap exists in the 2DEG be-
cause conductance measurements through the dots (not
shown) and also through the channel formed by gates 1
and 4 alone, reveal Coulomb blockade oscillations with
a period corresponding to that identified for the charge
trap by the arrows in Fig. 2(a). This is in addition to
the Coulomb blockade oscillations corresponding to the
dots.
Now, we look in detail at the transitions in region C
(Fig. 2(a)). The inset to Fig. 4 shows the conductance
step observed when an electron moves from the left to the
right dot. It can be seen that a double step is present.
This is observed at several positions in region C, but not
for the features in region D, where a single step is ob-
served. By differentiating the data we can measure the
splitting between the steps. This is shown, in units of
energy, in Fig. 4 as a function of perpendicular magnetic
field. The voltage axes were calibrated in terms of en-
ergy by measuring the charging energy of each dot to be
1meV, using a source-drain bias method.10 We consider
several explanations for the presence of a double step.
Firstly, it could be that the electron is transferred be-
tween the dots via the charge trap. This is a two stage
process that could lead to a double step. However, the
double step is observed in regions well away from the
split lines observed in Fig. 2(b). The other possibili-
ties are that the electron could be tunnelling into ground
and excited states of the second dot, or via symmetric
and anti-symmetric states of the double dot molecule. In
the former case, the observed behaviour in magnetic field
4FIG. 4: The separation of the double step as a function of
perpendicular magnetic field. Different symbols are for mea-
surements in different parts of region C. Inset : An example
of the double step feature observed in region C.
could represent the movement of single particle states, as
observed in single dots.11 In the latter case, the general
decrease in ∆V could be due to the reduced symmetric
anti-symmetric energy gap (∆SAS) as the electrons be-
come more localised in the dots by the magnetic field.
Holleitner et al12 observed the formation of a molecular
state when measuring the conductance through two dots
in parallel. They measured the magnetic field depen-
dence of the energy gap and observed a structure very
similar to that in Fig. 4. They interpreted the dip in
∆V as a transition from a singlet to a triplet state, which
arises because the exchange energy is dependent on the
overlap of the electron wavefunctions.13 Although sym-
metric and anti-symmetric states should be formed when
the energy levels in the two dots are aligned, it is not
clear that the electron should be transferred via both
states in a zero temperature model. A possible mecha-
nism for this may be phonon assisted tunneling. Qin et
al14 observed an off-resonance conductance in a weakly
coupled dot system (∆SAS=0) which they interpreted as
being due to phonon assisted tunneling. In our measure-
ments ∆V lies in the range 30-60µeV, corresponding to
a phonon wavelength15 in the range 310-620nm. This
matches the size of our system. Further measurements
on similar devices may lead to a clearer explanation of
this feature.
In conclusion, we have used a non-invasive voltage
probe to study the evolution of a double quantum dot
system as it evolves from being coupled to the 2DEG
leads to being isolated from them. This technique is
proving to be increasingly useful in studying isolated
systems4,9 and can provide information about the pres-
ence of charge traps and tunneling via excited states of
a dot or molecule.
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